This study examined the prevalence of perfluorooctanoate (PFOA) and perfluorooctane sulfonate (PFOS) in river water samples (n ¼ 56) and suspended solids (n ¼ 5) from three major Western Cape rivers, in South Africa. Solid phase extraction (SPE) followed by liquid chromatography combined with electrospray tandem mass spectrometry (LC-MS/MS) using an analytical method developed in ISO 25101 (2009), PFOS and PFOA concentration in river water and in suspended solids from the rivers was investigated and quantified. From the results, PFOA and PFOS were detected in all the river water samples and were found in concentrations up to 314 and 182 ng/L for Diep River; 390 and 47 ng/L for Salt River; and 146 and 23 ng/L for Eerste River, respectively. In suspended solids, concentrations for PFOS and PFOA were 28 and 26 ng/g for Diep River; 16 and less than limit of detection for Eerste River; and 14 and 5 ng/g for Salt River, respectively. Some of these concentrations are higher than those previously reported in similar studies in various countries, and this suggests there is a cause for concern, in the Western Cape, South Africa, particularly in catchments where river and ground water is drawn for agricultural purposes in the province.
INTRODUCTION
Perfluorinated compounds (PFCs) are found in fast-food packaging, paper plates, stain-resistant carpets, carpet cleaning solutions, windshield washing fluid and fire-fighting foam, as well as in some adhesives, cosmetics, pharmaceuticals, electronics, cleaning products, polishes and waxes, insecticides and paints (EFSA ; EPA ). Historically, research on POPs focused principally on chlorinated compounds, although other halogenated compounds, including PFCs, were also found to be persistent and bioaccumulative in the environment. Scientists assumed that because many of these compounds are incorporated into various domestic and industrial products, they should readily be found in the environment and thus accumulate in living organisms (Renner ) due to their non-biodegradability.
Meanwhile, improvements of analytical techniques during the 1990s resulted in the characterisation of several PFCs in environmental samples, animals and humans (Olsen et al. ; Giesy & Kannan ) . Subsequently, during the year 2000, the 3M Company (USA) voluntarily phased out the production of fluorinated products, which are major precursors in the synthesis of several PFCs (Ahrens ) .
Perfluorooctane sulfonate (PFOS) and perfluorooctanoate (PFOA) are two of the predominant PFCs studied internationally, due to their persistency including structural stability, and they do not hydrolyse, photolyse or biodegrade under various environmental conditions investigated (OECD ). Their half-life is several years long (UNEP ) and thus they can distribute widely in environmental matrices from several sources such as municipal landfills (Eggen et al. ) . As a result of this, PFOA and PFOS have been detected in purified tap water (Quinete et al. ) and river water, resulting in their presence in humans (South Africa, see Hanssen et al. () ) and wildlife (Senthilkumar et al. ; Yoo et al. ; Quinete et al. ) . Other water bodies in which PFCs have been found include rainwater (Loewen et al. ) , coastal and sea water (So et al. ; Yamashita et al. ) . Most of the reported PFOS and PFOA contamination in environmental matrices is largely in the northern hemisphere countries (Pistocchi & Loos ) with limited information about their contamination and distribution in the southern hemisphere including developing countries such as South Africa.
This study reports the prevalence, concentrations and distribution of PFOS and PFOA in a South African river water, including in suspended solids of three major rivers of the Western Cape (South Africa), which flow through the largest catchments (Diep, Salt and Eerste/Kuils) in the province. It also determines the seasonal variation of PFOA and PFOS concentrations in the river water from the three rivers under investigation.
MATERIALS AND METHODS

Chemical reagents
All reagents used in this study were of analytical grade standard. Methanol and analytical standards of PFOA including PFOS were purchased from Sigma-Aldrich (St Louis, MO, USA). Acetic acid was purchased from Saarchem (Wadeville, South Africa). Stock solutions of PFOA and PFOS were prepared in 100% methanol and stored at À20 W C. Appropriate dilutions were used to prepare concentrations of reagents from stock solutions on a need-to-use basis.
Sampling campaign
All water samples used in this study were randomly collected from riparian areas of three rivers from the Western Cape Province, South Africa, namely the Diep, Eerste and Salt Rivers, at about 80 cm from shoreline using polypropylene (PP) bottles. Sampling point co-ordinates were recorded using a global positioning system (Table 1) . Additionally, these rivers were considered since they are major water catchments in the region, as depicted in Figure 1 . In order to minimise sample contamination, sampling bottles were pre-rinsed with analytical grade methanol and thereafter rinsed with Milli-Q water. Samples were then immediately transported to the laboratory and were stored in the fridge at À20 W C until processing. Additionally, field matrix samples were prepared when collecting each batch of samples by preparing and exposing deionised water in 2 L PP bottles to the environment, transportation, storage conditions and treatment, such that contamination can be detected during analysis.
Sample preparation and solid phase extraction
Prior to analysis, the water was thawed at ambient temperature (25 W C). Although some of the water samples contained small quantities of suspended solids, others contained significant quantities. For water samples containing minimal suspended solids, the water was filtered using 0.22 μm polypropylene Cameo syringe filters (Sigma Aldrich) attached to polypropylene syringes (Becton Dickinson syringes, Sigma Aldrich) in solid phase extraction (SPE) cartridges. The water samples were used without pH adjustment and dilution. For water containing suspended solids, the solids were separated from the water using a methanol-rinsed Munktell filter paper (dia.: 70 mm, 65 g/m 2 ) using a vacuum filtration funnel system before being oven dried until a constant weight was achieved. The recovered solids' mass was noted before being transferred to a clean 15 mL PP centrifuge tube to which 10 mL of 1% (v/v) acetic acid solution was added. Each tube containing the suspended solids was sonicated using a high-powered piston probe sonicator (Sonics, vibra-cell sonicator, 20 KHz ± 50 Hz) for 1 min, at ambient temperature. After sonication the PP tubes were centrifuged at 3,000 rpm (Hereaus Megafuge 1.0, South Africa) for 4 min and the recovered acetic acid-based extracts were decanted into an empty 50 mL PP tube. An aliquot of 3 mL of the 90:10 (v/v) methanol and 1% (v/v) acetic acid mixture was then added to the original tube to resuspend the solids, and the contents were again sonicated for 1 min, before being centrifuged and decanted into the second PP tube with the extracts from the first centrifugation cycle. All extracts recovered were combined and then filtered (0.22 μm, PP Cameo syringe filters, Sigma Aldrich) before passing through the SPE cartridges.
SPE was carried out using Supelco-Select HLB SPE cartridges (500 mg solid phase, 12 mL tubes), a method similar to that proposed by So et al. (, ) , which is reported in ISO  () and OSPAR (). Cartridges were preconditioned by eluting 5 mL of methanol followed by 5 mL of Milli-Q water at a flow rate of 1-2 drops per second. The solid phase was kept wet for optimal extraction. A volume of 40 mL of river water was loaded onto each cartridge, such that an elution flow rate of 1-2 drop(s) a second was achieved. The cartridges were then washed with 5 mL of 40% (v/v) methanol in Milli-Q water (Naile et al. ) to rinse contaminants off the solid phase; thereafter, they were allowed to run dry while being kept cool. For the SPE, a large-volume sampler (24 port Visiprep sampler, Supelco) was used. The filtrate recovered was then discarded, prior to the use of analytical grade methanol for the recovery of both PFOA and PFOS from the SPE. The cartridges were eluted with 10 mL analytical grade methanol after which nitrogen gas was used to reduce the volume of eluents to 1 mL for the liquid chromatography and combined electrospray tandem mass spectrometry (LC/MS/MS) analysis. A similar sampling preparation regime to that of suspended solids was adopted for PFOA/PFOS quantification in sediment samples.
Analytical conditions and parameters for PFOA and PFOS quantification
A liquid chromatography (LC) system (Nexera UHPLC, LC/MS-8030, Shimadzu, Japan) was used coupled with a tandem mass spectrometer (MS) to determine PFOA and PFOS concentration in each of the samples. A volume of 10 μL from the recovered SPE eluents was injected into the instrument for a total run time of 6.5 min. The mobile phase constituents were 100% acetonitrile (ACN) and 2 mM ammonium acetate (NH 4 OAc) pumped at a flow rate of 0.3 mL/min. The gradient used was: t ¼ 0.01, 2% ACN; t ¼ 4 min, 98% ACN; t ¼ 6 min, 98%; which was reduced to 2% ACN thereafter. The separation column (Shimpack FC-ODS, 150 × 2 mm, 3.0 μm; Shimadzu, Japan) was maintained at 40 W C. Quantitative analysis was performed in the multiple reaction monitoring mode and the collision gas was used at energies of 10 V (PFOA)/ 45 V (PFOS). The mass spectra were then taken employing the electrospray ionisation in a negative mode. After the processing of each sample, a methanol rinse was performed to limit cross contamination. Optimized conditions and parameters for the LC/MS/MS system used are shown in Table 2 . For calibration standards, concentration range of 0, 0.5, 1, 5, 10, and 50 ng/mL for both PFOA and PFOS were used achieving a correlation co-efficient (R 2 ) of 0.99 for each run. The limit of detection (LOD) was 0.03 ng/L, for PFOS and 0.5 ng/L for PFOA. The mean of two injected samples was used for every sample. Additionally, the physico-chemical characteristics of water samples in which suspended solids were present were analysed using a YSI multi-function probe (YSI, USA). Thus, pH, total dissolved solids (TDS) and conductivity were quantified. The total organic carbon (TOC) was quantified using the loss-on-ignition method, which involves the thermal destruction of organic matter in the sediment at a temperature of 
RESULTS AND DISCUSSION
PFOA/PFOS in river water and suspended solids
Most studies on PFOA and PFOS partitioning and/or distribution in the aquatic environment have focused largely on river water and sediment. There's little evidence of these compounds partitioning onto suspended solids. In South Africa, on the other hand, these contaminants have remained unreported and undocumented, both in river water and suspended solids. From all the river water samples collected (n ¼ 56), 20 for both Salt and Diep Rivers, and 16 for Eerste River, concentrations of PFOS and PFOA were observed in all the three rivers, with PFOA being the most prevalent PFC. However, for some individual samples, PFOS was not detected, simply because their concentrations were below the LOD, which was, for PFOA and PFOS, 0.03 and 0.5 ng/L, respectively; but also because, as indicated by Ahrens et al. () , PFOS is mainly transported in the dissolved phase rather than being adsorbed to suspended solids. The results are summarized in Table 3 .
Concentrations of PFOA and PFOS in river water samples ranged from 1.7 ± 0.40 to 314.4 ± 2.50 ng/L and <LOD to 181.8 ± 1.40 ng/L, respectively, for Diep River; 0.7 ± 0.11 to 390.0 ± 0.49 ng/L and <LOD to 46.8 ± 0.55 ng/L for Salt River, respectively; while for Eerste River they ranged between 3.4 ± 0.08 to 145.5 ± 1.38 ng/L and <LOD to 22.5 ± 1.26 ng/L, respectively. Overall, the Diep River had the highest concentration of PFOA and PFOS during the period under evaluation in comparison to the Salt and Eerste Rivers. However, the sampling point (i.e. W9) with the greatest concentration of PFOA was observed In suspended solids, both PFOA/PFOS were detected, with PFOA being the prominent contaminant (Table 4) . A previous study indicated higher concentration of both PFOA and PFOS in sediment samples from the same area under investigation, compared to those reported in similar studies in various countries globally, (Mudumbi et al. ) . The higher PFOA and PFOS concentration in water from the Diep River, sampling point W15 (Table 3) , was also observed in this sample's suspended solids and was 28.3 ± 0.36 and 26.28 ± 0.84 ng/g for PFOA and PFOS, respectively. Both contaminants were similar, in this case. For Eerste River, PFOS remained undetected in suspended solids, as was the case for water, i.e. for samples W3 and W4. From these results there was evidence of a relationship between PFCs' concentration in water and suspended solids of the same water.
For samples with a negligible PFOS concentration in the water, the PFOS concentration in suspended solids was also negligible. Additionally, at higher PFOS concentration in river water samples, the concentration of PFOS in suspended solids was far less than that in the water. However, for PFOA, when a higher PFOA concentration in the suspended solids was observed, an even lower PFOA concentration was found in the river water. This suggested that PFOA adhere to mobile sediment particles, thus making its mobility in river systems greater than that of PFOS. In general terms, the concentration of both PFCs 
Seasonal variation of PFOA and PFOS concentration
In most of the river water samples, PFCs (i.e. PFOA/PFOS) concentration showed significant variation for different seasons. Figure 2 shows In a previous study, it was observed that grain sizes from the three rivers (i.e. Diep, Eerste and Salt) were between 0.5 mm and 0.1 mm (Mudumbi et al. ) , thus they were susceptible to being suspended in water. For the Diep River, PFOA and PFOS concentrations in suspended solids were higher, 28 and 26 ng/g, respectively, as compared to a study by Ahrens et al. () where the results showed the lowest tested suspended solid concentrations of 6 and 15 ng/g, respectively, with PFC concentration in the water being 25 and 31 ng/L. Additionally, these high concentrations in suspended solids for Diep River can be explained by the observed high concentration (i.e. 228 ng/g) in this river's sediment. Other factors, such as the physicochemical characteristics of the water can play a vital role. In this study, PFC concentrations increased in suspended solids with the following parameters, >pH, >TDS and > conductivity, playing a significant role. PFC concentration in suspended solids decreased under low pH, TDS and conductivity. These results are summarized in Table 4 .
From this study, it was observed that PFOA concentration was lower in water (106 ng/L) than in sediment (228 ng/g) for the Diep River during the wet season, and higher in suspended solids (16.6 ng/g) than in water (7 ng/L) for Eerste River during the dry season. Additionally, it was observed that during high rainfall (45 mm), PFOA/PFOS concentrations are evenly distributed (28.3 and 26.28 ng/g) in suspended solids, especially when PFCs are higher in the river water, thus suggesting that the sorption of PFOA is faster onto environmental matrices/sediment in comparison with PFOS. Furthermore, in suspended solids PFOA was higher than PFOS. This implies that PFOA was higher than PFOS in the top soil/sediment, thus resulting in PFOA's mobility with suspension of the solids due to river water flow movement. It was therefore hypothesised that PFOS is less used in products than PFOA in the region. More studies are required to support this hypothesis, since it has been indicated that PFCs are globally used in many consumer products (EFSA ; EPA ). Moreover, an increase in the % TOC in fraction of grain size between 0.5 mm and 0.1 mm led to an increased PFOA in suspended solids (Mudumbi et al. ) . This is surmised from the fact that the study area, particularly for the Salt River, has a high plant-microbial content, in which the microorganisms are attached to the sediment (Mudumbi ) . This has in turn contributed largely to the sorption of PFOA onto suspended solids in comparison to PFOS, which was supported by biofilm attachment to the sediment (Oliaei et al. ; Ding et al. ) . It was expected that both the Salt and Eerste rivers would have the highest PFOA and PFOS contamination due to urban and industrial-based anthropogenic activities in both catchments. Similarly, as the Diep catchment has the largest percentage of land used for agricultural purposes, there is a risk of PFC-related contamination in the area, as other studies have suggested that PFOA and PFOS can accumulate in legumes and vegetative parts of agricultural produce (Stahl et al. ) . Furthermore, as there are three wastewater treatment plants discharging into the Diep River, and several municipal landfills, including general waste disposal sites, it is prudent to hypothesise that some of these sites' leachate contribute to PFC contamination in the Diep River. Shading: whiterainfall; black -PFOA; grey -PFOS.
